ABSTRACT Choline acetyltransferase (acetyl-CoA:choline 0-acetyltransferase, EC 2.3
Choline acetyltransferase (ChoAcTase; acetyl-CoA:choline 0-acetyltransferase, EC 2.3.1.6) catalyzes the reversible transfer of an acetyl group from acetyl-CoA to choline. This alcoholysis of the thiolester results in the formation of acetylcholine, a molecule playing an essential role in altering the cation permeability of certain electrically excitable membranes.
ChoAcTase was discovered by Nachmansohn and Machado (1) . Evidence has been provided suggesting that general-base catalysis by an essential imidazole residue enhances the ability ofthe hydroxyl group ofenzyme-bound choline to interact with the thiolester group ofenzyme-bound acetyl-CoA (2) . However, little is known about the topography ofthe sites to which choline and acetyl-CoA are attached.
It has been claimed that catalysis by ChoAcTase is regulated by feedback inhibition by acetylcholine (3, 4) . However, because the binding of CoA to ChoAcTase is much tighter than the binding of acetylcholine and because CoA seems to be the last reaction product to depart (5, 6) , it is likely that CoA is the regulatory reaction product. It has been reported that, at low salt concentration, departure of CoA from the binary enzyme complex may be rate-limiting, whereas at higher salt concentration the interconversion of the ternary ChoAcTase-acetylCoA-choline complex to ChoAcTase-CoA-acetylcholine becomes the rate-determining step (7) . This is one of the reasons why studies of the CoA binding site of this enzyme are of considerable interest.
During a study of the inhibition of ChoAcTase by a series of aromatic dyes, we found that several of these yielded Lineweaver-Burk plots indicative of competitive antagonism between cofactor and dye (8) (9) (10) . Cibacron blue F3GA and Congo red proved to be particularly good competitive inhibitors of ChoAcTase (10) . Because a recent x-ray diffraction study of the binding of Cibacron blue F3GA to liver alcohol dehydrogenase showed an interaction of the sulfonate group in the p position of ring A (the ring farthest from the anthraquinone moiety of the dye) with the guanidino group of an arginine residue (11) , it appeared to be of interest to determine the sensitivity of ChoAcTase to arginine-specific reagents and the ability of substrates and salt to protect against such inhibition.
EXPERIMENTAL
Enantiomers of Camphorquinone-10-Sulfonic Acid (Cqs-OH). The 1 enantiomer of camphor-10-sulfonic acid was purchased from Aldrich, the d enantiomer from Eastman Kodak. They were converted to the enantiomers of Cqs-OH by selenious acid oxidation with inversion of rotation by using an adaptation of the procedure of Pande et al. (12) . The enantiomers were recrystallized from ethyl acetate. Melting point and C, H, and S analyses agreed with the published values (12) ChoAcTase. ChoAcTase derived from the head ganglia of squid was partially purified by the procedure of Husain and Mautner (13) , using the following modifications: Chromatography on mercurial Sepharose was omitted. Chromatography on phosphocellulose was followed by chromatography on hydroxyapatite to yield activity of [4] [5] [6] [7] ,umol/min per mg of protein. During the purification, the enzyme was stabilized by the addition of ethylene glycol (10%, vol/vol) to all buffers. The enzyme assay procedure of Fonnum (14) was used. [2-3H]AcetylCoA for the assays was purchased from New England Nuclear.
Inhibition Assays. Initial rates were measured by using the assay of Fonnum (14) under the following conditions: ChoAcTase (15 ,ul) in 50 mM Hepes buffer (pH 7.8) is allowed to equilibrate to an incubation temperature of25°C; then an equal volume of reagent mixture containing inhibitor and (if applicable) protecting agent was added. At 12-min intervals, 3-,l aliquots were removed and diluted into 3 ml of 100 mM NaP1 (pH 7.5)/0.1 mM EDTA/2 mg of lysozyme per ml (8) . Assays were carried out twice, 30 sec and 60 sec after dilution. The values were averaged.
RESULTS
The comparative abilities of 2,3-butanedione, phenylglyoxal, and Cqs-OH to inactivate ChoAcTase are shown in Fig. 1 . We synthesized the 1 and d enantiomers of Cqs-OH, which, in the optically inactive form, is a recently introduced arginine-specific inhibitor (12) . The enantiomers should be useful for studying the stereospecificity of arginine inactivation. Phenylglyoxal was the most effective and 2,3-butanedione the least effective of the inhibitors tested. Inhibition by all the reagents was irreversible. Although adducts of camphorquinone derivatives with the guanidino group have been claimed to be cleaved by Abbreviations: ChoAcTase, choline acetyltransferase; Cqs-OH, camphorquinone-10-sulfonic acid. 7449
The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. o-phenylenediamine (12), treatment of the inhibition product of ChoAcTase and Cqs-OH with o-phenylenediamine did not restore enzyme activity. Phenylenediamine did not inhibit ChoAcTase. Fig. 2 shows that the inactivation of ChoAcTase by Cqs-OH was not stereospecific, the two enantiomers being equiactive. Protection by CoA and 3'-dephospho-CoA against inhibition by Cqs-OH is shown in Fig. 3 . Similar differences in the relative abilities of CoA and 3'-dephospho-CoA to protect were seen when phenylglyoxal was used as inhibitor (data not shown). No protection against Cqs-OH was seen with 100 mM choline (Fig.   4 ) or with 10 mM NADH, NAD', NADPH, or NADP'. The pH sensitivity of inhibition by Cqs-OH is shown in Fig. 5 . Fig. 6 shows that NaCl can protect the enzyme against inactivation by Cqs-OH. The effect shows no anion specificity. NaBr or Nal is as active with NaCl as is CsCl.
DISCUSSION
It had been established previously that the 3'-phospho group of CoA plays an important role in the attachment of the coenzyme to ChoAcTase (8, 9) . Because CoA and a series ofaromatic dyes compete for attachment to the coenzyme binding site (10) and because a recent crystallographic study showed that in the interaction of Cibacron blue F3GA a sulfonate group of the dye interacted with an arginine residue of liver alcohol dehydrogenase (11), it seemed of interest to study whether an arginine residue plays a role in the attachment of CoA to ChoAcTase. It can be seen that arginine-specific reagents do indeed inactivate ChoAcTase. Protection by CoA and to a lesser extent by 3'-dephospho-CoA against arginine inactivation, coupled with the complete lack of protection by choline, suggests that the arginine group inactivated is located within the CoA binding region of the enzyme. The relatively high protective effect of 3'-dephospho-CoA compared to CoA seems surprising considering the importance ofthe 3'-phospho group ofCoA in binding the cofactor to ChoAcTase. It is possible that at the CoA binding site of ChoAcTase, a coulombic interaction of arginine and the 3'-phospho group in CoA can be replaced, although to a lesser degree, by an interaction of arginine with the pyrophosphate group of 3'-dephospho-CoA. As already noted, Hersh et at (7) showed that at low salt concentration, departure of CoA from ChoAcTase may be rate limiting, whereas at higher salt concentration ternary complex interconversion is rate determining. Interestingly, while the ChoAcTase-catalyzed alcoholysis of acetyl-CoA is greatly accelerated by the addition of salt, that of acetyl-3'-dephosphoCoA is only minimally salt sensitive (15) . A plausible interpretation of this findin'g is that the 3'-phospho group of CoA and the anion ofthe salt might be competing for the same positively charged binding site, possibly an arginine residue. If this were so, then salt should provide some protection of ChoAcTase against inactivation by arginine reagents. Fig. 6 shows that this is indeed the case.
In view of the claim by Rossier et were solely responsible for salt induced changes in ChoAcTase reactivity, we investigated the ion specificity of the protective effect of salts against arginine inactivation. Sodium chloride, bromide, and iodide were found to be equiactive, in agreement with the lack of anion specificity reported by Hersh and Peet. Cesium chloride was equiactive as well.
These findings are compatible with the postulate that the salt activation of ChoAcTase is due to the facilitation of CoA release from its binding site. It has been proposed that this effect involves a salt-dependent change in ChoAcTase conformation (17) . However, it also seems plausible to assume that, as in the case ofdehydrogenases using pyridine nucleotides as coenzyme (18, 19) , the salt anions compete with the negatively charged phosphate groups of the coenzymes. In the present case, the data available suggest that the salt anion (independent of counterion) competes with the attachment of the 3'-phosphate of CoA to an active site arginine residue.
